Background:
Introduction
Neuropeptides are neurotransmitters that are involved in the regulation of most behavioral and physiological processes in animals. Many neuropeptide systems are ancestral to bilaterians and orthologous neuropeptides are deployed in the different bilaterian lineages independent of their nervous system organization (1) (2) (3) . Only few of the orthologous neuropeptides are well conserved between the different bilaterian lineages and it is often the orthology of their receptors, that reveals their homology (1) (2) (3) (4) . For example, the protostome orthologs of vertebrate neuromedin -B/bombesin-and endothelin-related neuropeptides, the CCHamide and excitatory peptide (EP), are neuropeptides where the orthology of the deuterostome and protostome peptidergic systems could only be detected because of their receptor similarity (2, 3, 5) .
The EP was initially discovered in the earthworms Eisenia foetida and Pheretima vittata (6) and has since been identified in many annelid and mollusk species where it has been described under various names depending on the taxon and due to either its myo-excitatory effect or its C-terminal structure (see table 1 for species, peptide names and references). The arthropod ortholog CCHamide was first discovered in the silk worm Bombyx mori (7) and is known from various arthropods, including insects (3, 7, 8) , crustaceans (3, (8) (9) (10) , myriapods (11) and chelicerates (8, 12, 13) , with its nomenclature based on the presence of two conserved cysteine residues and an amidated C-terminal histidine residue. Due to the presence of the two cysteine residues, the usually amidated C-terminus and a similar precursor structure in CCHamides and EPs (Figure 1a ), the two peptides were already recognized as possible orthologs (2, 3, 14) before the corresponding receptors were known. This orthology hypothesis was then confirmed with the deorphanization of their orthologues receptors (8, 15) .
Notably, the CCHamide system duplicated within the insect lineage into two distinctive CCHamides, which seem to specifically activate each their own receptor paralog (5, 8) .
Experiments showed that CCHamide is connected to feeding, sensory perception and the control of insulin like peptides in Drosophila melanogaster (16) (17) (18) and connected to feeding in other insects (5, 19) . Its expression in different larval or adult insects is connected to the digestive system (7, (18) (19) (20) (21) (22) . Experiments with EP showed a myo-excitatory effect that included digestive tissues of oligochaetes (6) , leeches (23, 24) , and a gastropod species (25) , and association with digestive tissues was also shown by immunohistochemistry on a polychaete (26) . (See also table 2 for functional and anatomical association of EP/CCHamides). The myoexcitatory effect and the expression of EP was observed on tissues of adult animals.
Annelids and molluscs, as well as other closely related taxa such as brachiopods and nemerteans, also possess planktonic larvae that usually metamorphose into morphologically different, benthic adults. This stage called 'trochophora larva' is the name giving characteristic of the spiralian taxon that is referred to as Trochozoa (27) (28) (29) (30) (31) . While antibodies against neuropeptides (usually FMRFamide) have been used widely to describe neuroanatomies of trochozoan larvae (32) (33) (34) (35) (36) (37) (38) (39) (40) , there are comparably few studies that investigated the behavioral effect of neuropeptides in such larvae (41) (42) (43) (44) (45) and neither behavioral nor immunohistochemical studies investigated the EP/CCHamide in trochozoan larvae.
Here we report about the evolution of EP/CCHamide orthologs in ecdysozoans and spiralians with a focus on nemerteans. We test the activation of a single EP receptor by two EP isoforms in the nemertean L. longissimus, the EP expression in the pilidium larvae and juveniles of L.
longissimus, and the influence of the EP on the behavior of L. longissimus larvae. 
Eisenia foetida EP binding capacity is high in anterior part of digestive tract and the nephridia.
Whitmania pigra EP immunoreactivity in supra-esophageal ganglion, circum-esophageal connective, sex segmental ganglion.
Perinereis vancaurica EP immunoreactivity in CNS, epithelial cells of pharynx and epidermal cells.
Mollusca

Thais clavigera
Excitation of esophagus and penial complex by EP application, EP immunoreactivity in CNS and nerve endings of the penial complex.
Thais clavigera EP1 expression in sub-esophageal, pleural, pedal and visceral ganglion and EP2 expression in pedal and visceral ganglion.
Hexapoda
Bombyx morilarvae
CCHa expression in the central nervous system and the midgut.
Phormia regina -adults CCHa2 injection stimulates feeding motivation (measured by the proboscis extension reflex at different sugar concentrations).
Delia radicum -larvae 
Material and Methods
Bioinformatics
Publicly available transcriptomic or genomic sequencing data were scanned for EP precursors Publicly available references sequences from NCBI and from publications that are listed in Table 1 and Table 2 were used as BLAST reference sequences. Neuropeptide precursor sequences were tested for the presence of a signal peptide using SignalP 4.1 (47) 
Receptor activation assay
For the receptor activation assay the protocol of (15) 
Immunohistochemistry:
Antibodies against the C-terminal CAAGNGamide sequence of the Lineus excitatory peptide were raised in rabbits (genscript) and the antibodies were cleaned from the blood serum with a Sulfolink TM Immobilization Kit (ThermoFisher Scientific) according to (32) . L. longissimus larvae were relaxed in an 8% MgCl2*6H2O solution in distilled water for 10 minutes, fixed in a Specimens were then washed 5*15 min in PBT, 2*30 min in PTw, incubated 1h in PTw containing 1 µg/ml DAPI, washed 2*30 min in PTw and transferred into 70% glycerol before mounting in 70% glycerol. As a control to test the antibody specificity, antibodies were preabsorbed in a 2 mM solution of synthetic full-length EP in THT + 5% NGS during the blocking step of the primary antibody.
Vertical swimming assay
Late larvae of L. longissimus (2-3 week old) were recorded in transparent columns (6.5 cm height / 3.7 cm length / 2.2 cm width) to compare the vertical distribution of EP-exposed and untreated larvae. 
Measurement of the ciliary beat frequency of L. longissimus larvae
First attempts to immobilize L. longissimus larvae between a microscopic glass slide and cover slip failed, as the larvae were either slowly moving away or they got stuck and the cilia that touched the glass stopped beating rhythmically. Therefore, pulled glass holding-capillaries with an opening of about 50-70 µm were used to immobilize the pilidium larvae, similar to (53) .
Larvae were caught with the capillaries at their apical tip between a glass slide and a cover slip that was completely filled with seawater. Reagents were added on one side of the cover slip with a pipette and simultaneously soaked off from the other side with a tissue paper, enabling paired measurements of the ciliary beating from individual larvae, under control conditions, after soaking in peptides and after peptide washout in. The ciliary beating was recorded with a DMK23UV024 camera (The Imaging Source) with 50 frames per second.
Preliminary measurements were taken to determine the larval excitation that was triggered by being immobilized and sucked to a holding capillary or by the water flow from changing the solutions. The tests showed that the ciliary beating slowly decreased after larvae were caught with the holding capillary, reaching after about ten minutes a point where the beat frequency did not further decrease. The next test showed that an initial increase in the ciliary beat frequency caused by an exchange of the solution decreased back to the normal frequency in less than two minutes. Test with several exchanges in frequent intervals showed that the ciliary beating was always back to the initial frequency after less than two minutes. Based on these preliminary tests, measurements were taken as follow: Larvae were caught with a glass capillary, the slide got transferred to the microscope and after about ten minutes the seawater was exchanged with fresh seawater twice in a row with a waiting time of two minutes after each exchange, before the control condition was recorded. The seawater solution was then exchanged a third time with seawater containing one of the peptides, and after two minutes the ciliary beating under the influence of EP was recorded. Afterwards the larvae were washed for 15 minutes with several exchanges of fresh seawater before the ciliary beating for the washout was recorded. Generally, the beating of apical and lateral ciliary bands was tested for 12 larvae under the influence of EP1 and 12 larvae under the influence of EP2, measuring control, peptide exposed and washout conditions for every larva. The videos were processed with Fiji ("plot Z-axis Profile" function to measure the frequency), and differences in the ciliary beat frequency were tested for significance with a paired t-test.
Results
Transcriptome analyses show a wide distribution of EP/CCHamide orthologs in protostomes and an extended C-terminus in several heteronemerteans
We identified spiralian orthologs of EP/CCHamide in transcriptomes of nemertean, brachiopod, entoproct and rotifer species, and ecdysozoan orthologs in tardigrade, onychophoran, priapulid, loriciferan and nematomorph species, showing the wide distribution of EP/CCHamide within protostomes (Fig. 1) . Nearly all peptides possess two conserved cysteine residues, an amidated C-terminus and a propeptide structure with a single copy of the bioactive peptide directly located after the signal peptide ( 
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Orthonectida as an annelid taxon (56), arthropod phylogeny according to Yeates et al. 2016 (57) (Fig. 2 A) . The analysis also shows the duplication of the CCHamide receptors in the early insect lineage, which is not present in Collembola, but in as distantly related pterygote insects as dipterans and termites. This receptor duplication within pterygote insects and its absence in Collembola is in accordance with the presence of two CCHamide paralogs in pterygote insects (Fig. 1 B) .
We cloned the L. longissimus EP receptor into an expression vector, expressed it in mammalian cells and tested its activation by the L. longissimus EP1 and EP2 peptides. Both peptides activated the receptor in a similar, nano-molar concentration with EC50 values (half maximal effective concentration) of 78 nmol/l for EP1 and 59 nmol/l for EP2 (Fig. 2 B) . EP is expressed in neurons that project from the apical organ to the ciliary bands of L.
longissimus larvae
We visualized EP expressing neurons in L. longissimus pilidium larvae using polyclonal antibodies against the C-terminal residues CAAGNGamide. The larval staining revealed EP positive neurons in the apical part of the larvae as well as in developing juveniles inside the larvae (Fig. 1 A) . The larvae showed the apical EP-positive nerves already in 5-day old young larvae before development of the juveniles. The EP positive nerves of the larvae project from the lateral organ towards the ciliary bands at the anterior end of the future juvenile ( Fig. 3 B, C). The antibodies stained axons as well as somata of a variable number of cells (Fig. 3 C, D) , possibly depending on the age of the larva. The projecting EP-positive neurons directly innervate the prominent neurons underneath the ciliary band at the point where the ciliary bands of the apical lobes and lateral lappets meet (Fig. 3 E) . With strong excitation and sensitive detection setting, the nerves of the ciliary bands themselves also showed weak EP immunoreactivity (Fig. 3 F, G) , however, the intensity of the labelling was weaker than the one of the nerves that project from the apical organ and we could not detect EP positive cell bodies that might belong to the ciliary nerve. The EP positive neurons of the larvae and the developing juveniles are not connected. Hatched juveniles show prominent EP staining in the neuropil and in the two longitudinal ventral nerves along the whole body (Fig. 3 H, I ).
EP influences the swimming behavior of L. longissimus
We tested the influence of the predicted EP1 and EP2 peptides on L. longissimus specimens by soaking them with synthetic peptides. When we exposed about 3-week-old planktonic pilidium larvae to 5 µmol/l EP1 or EP2 and recorded their swimming behavior in a vertical column, their average swimming level was shifted upwards, and larvae concentrated in the upper part of the water column (p = 3.3e-3 for EP1 and 6.6e-4 for EP2) (Fig. 4 A) . The vertical distribution of larvae exposed to EP1 and EP2 seemed similar (p = 0.94) and after washout of the peptides, the formerly treated larvae returned to a similar distribution as washed out control larvae (p = 0.95 for EP1-washout/Ctrl-washout and 0.82 for EP2-washout/Ctrl-washout).
Juveniles did not show any obvious reaction at any tested concentration between 50 nmol/l and 50 µmol/l. Comparisons from left to right: control and EP1 exposed specimens, control and EP2 exposed specimens, EP1 and EP2 exposed specimens, control and EP1 exposed specimens after several water changes, control and EP2 exposed specimens after several water changes. Yaxis shows water depth of column, X-axis shows the percentage of larvae. Red and black lines show distribution of larvae under the condition stated above the columns. Horizontal lines indicate average swimming height. P values compare the distribution of the two samples (twosample Kolmogorov-Smirnov test). Ctrl = control, wash = washout.
EP leads to an increase in the beat frequency of apical and lateral ciliary bands of L. longissimus larvae
To test whether the upwards shift of the swimming distribution of L. longissimus larvae after exposure to EP may be due to a change in the beat frequency of their locomotory cilia (Fig. 5 A), we recorded and quantified the beat frequency of locomotor cilia before, during and after exposure to excitatory peptide (Fig. 5 B,C) . When larvae were exposed to concentrations of 25 µmol/l or higher of EP1 or EP2, the cilia stopped beating rhythmically and started standing up straight instead, while vibrating with a high frequency (Fig. 5 D, E) . At lower concentrations, we detected a significant increase of the ciliary beat frequency (cbf) of the outer ciliary bands of the lateral lappets and apical lobes (Fig. 5 F) . EP1 seemed to be less efficient than EP2, as 10 µmol/l EP1 were necessary to observe significant changes in the cbf, compared to only 5 µmol/l EP2. When the peptides were washed out, the cbf decreased again. We did not determine a possible effect of EP on ciliary arrests, as such arrests only occurred in combination with muscular contractions of the lobes and are likely not associated to locomotion, but rather a mechano-sensory response that is related to feeding (53) . These contractions also seemed to be rather irregular and increased with the time the larvae were stuck to the holding pipette. The ciliary bands of the lateral lappets showed under control conditions a significantly higher cbf than the ciliary bands of the apical lobes with an average longissimus was only detectable with strong excitation and sensitive detector settings, and it is not clear whether this signal can be attributed to possible background signal or very low expression levels. In larvae of the annelid P. dumerilii, most peptides which influence the ciliary based swimming can be found in the ciliary ring nerve (41) . Many of these peptides in P.
dumerilii, show immunoreactivity in apical organ sensory cells as well. In the veliger larvae of the mollusk Crepidula fornicata, FMRFamide showed to influence the ciliary beating and the larvae show strong FMRFamide-like immunoreactivity in the velar lobes projecting from the stalk towards the ciliary band and strong immunoreactivity in the nerves underneath the ciliary band (43) . In the brachiopod larvae of Terebratalia transversa, the FMRFamide orthologue
FLRFamide also influences the ciliary based swimming and FLRFamide-positive nerves project from the central neuropil underneath the apical organ towards the ciliary band, but no signal is detected underneath the ciliary band itself (44) . In summary, it seems like nerve cells with peptides that can influence the ciliary based swimming often connect sensory organs and ciliary bands. Although immunoreactivity of those peptides can persist in the ciliary nerve band itself, this is not a general rule that applies to all such peptides.
Functional association of peptides can vary during evolution
There are only few studies that test the behavioral effect of neuropeptides on trochozoan larvae (41) (42) (43) (44) (45) and those focus on peptides other than the EP/CCHamide. One of these studies shows that a variety of different neuropeptides can influence the ciliary beating in a single species (41) . The behavioral effect of a single type of peptide on different animals has only been tested for FMRFamide and its orthologue FLRFamide and the different studies showed some species-specific effects in different trochozoan larvae (41, (43) (44) (45) . The influence of EP on locomotion of L. longissimus larvae and the broad expression in the brain and prominent ventral nerve cord of the juveniles stands in contrast to the myo-excitatory effect of EPs in different adult/juvenile annelid (6, 23, 24, 26) and mollusc (25) species and the repeated association of EPs and CCHamides with feeding or the digestive system in annelids (6, 23, 24, 26, 64) , molluscs (25, 65) and insects (5, 7, (16) (17) (18) (19) (20) (21) (22) (see also table 2 ). This suggests that the degree of functional conservation can vary depending on the type of peptide, the animal taxon or the developmental stages and that also functionally more conserved peptides like the EP/CCHamides can show plasticity in their behavioral association. This is for example also reflected in the lack of food and digestive tract association of CCHamide in the kuruma shrimp
Marsupenaeus japonicus (66) . A bigger comparison of the effect of EPs on larvae from other trochozoan taxa could give more insight into the conservation of the here described effect of EP/CCHamide orthologues within trochozoan larvae.
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